Self-boring pressuremeter test (SBPMT) data has been analyzed based on cylindrical cavity expansion method and dimensionless cylindrical cavity expansion factors (F"q) to determine angle of friction, rigidity index (/r) and modulus of elasticity (E). Then, based on a hyperbolic model, secant modulus (Esf), secant modulus at 50 percent failure stresses (E50), and initial modulus (E i) have been determined. Reasonable values of angle of friction, initial modulus (E 1) , and secant modulus of deformation at failure (Esf) have been determined for sand deposits located in different geographical regions. The secant modulus (E50) determined by this method compares well with unload-reload modulus, Er, determined from unload-reload cycle of the SBPM tests.
INTRODUCTION
Self-boring pressuremeter (SBPM) has been used widely to determine soil properties of sand. The main advantage of the SBPM is that it can be installed with minimized initial disturbance, and therefore provides tests and geotechnical parameters of sands in almost undisturbed conditions, and in their natural environment. When it is expanded, it simulates the cylindrical cavity expansion from a finite radius; with this view, Gupta (2005) performed a finite strain analysis to determine volumetric strains in the plastic zone using cylindrical cavity expansion from finite radius so that an analysis of SBPMT data could be performed accurately. This analysis is based on Vesic's cavity expansion theory (Vesic, 1972) , which assumes a linear stress-strain relationship during expansion of cavity from beginning of expansion to the stage when the state of equilibrium is reached at the face of cavity. On this basis, a method of determining angle of friction (4) ) and modulus of elasticity (E) , by a technique of matching dimensional cavity expansion factor (F" q) versus circumferential strain (e0,9) curve obtained from a SBPM test with that obtained from the theoretical analysis at selected values of 4) and E, has been introduced (Gupta, 2005) . Here it may be noted that F " , is equal to internal cavity pressure, p(t), applied during a SBPM test at any instant of time, divided by effective horizontal stress (a' h), measured during the SBPM test. However, real soils exhibit nonlinear stress-strain relationship even in the elastic state (Duncan and Chang, 1970; Mayne, 2001 ). Therefore, it becomes necessary to examine how the above method can be used to create a nonlinear stress-strain model or in other words how this method can be expanded to determine secant modulus at failure (Esf), secant modulus at 50% failure stresses (E50), and initial tangent modulus (Ei) . In geotechnical design and practice, E50 and Ei are frequently used to determine settlement related problems, and stress distribution under footings in working stress conditions. In this paper, a method has been introduced to determine, Esf, E50 and E i from SBPMT data, after completing the analysis given in the companion paper (Gupta, 2005) .
HYPERBOLIC NONLINEAR STRESS-STRAIN MODEL
Results of the triaxial compression tests and screw plate load tests have shown that the stress-strain relationship of sand is nonlinear. It is quite difficult to determine the initial modulus (E i) accurately from such tests, since the slope of the stress-strain curve changes rapidly even at very small strains. The hyperbolic model (Kondner, 1963; Duncan and Chang, 1970; Desai and Christian, 1977) , which was used for triaxial compression tests, can also be used to approximate the nonlinear stress-strain curves for cylindrical cavity expansion, as described below: At the face of cavity, prior to reaching state of equilibrium, radial displacement (r,) and circumferential strain, (e00) are given by (Baguelin, 1978 Written discussions on this paper should be submitted before May 1, 2006 to the Japanese Geotechnical Society, 4-38-2, Sengoku, Bunkyo-ku, Tokyo 112-0011, Japan. Upon request the closing date may be extended one month. (2) It may be noted that in elastic phase of cavity expansion, e00 is equal to-err, where err is radial strain. When state of equilibrium has taken place at the face of cavity, peak stresses are related by (Vesic, 1972; Gupta, 2005 
At the initial beginning, strains are small, even less than 10' percent, such as found during wave propagation, and therefore, at that instant, the product aeo becomes very small and can be neglected; then Eq. (4) becomes: (5) Ei is the initial modulus. Substituting value of b from Eq. (5) in Eq. (4), nonlinear stress-strain relationship becomes: (6) At very large strains, the product aeoo becomes very large compared to 11Ei, and therefore, at that instant, 1 /Ei can be neglected, then, Eq. (6) becomes: (7) Where 1 /a or (ƒÐrr-ƒÐƒAEƒAE)asymp in Eq. that at any state of stress, strain is not dependent upon the stress path (i.e. linear or nonlinear) between the two points, but depends on stresses at the initial such as A and the subsequent point of the stress path such as B or C, under consideration (Lambe and Whitman, 1969; Vesic, 1972) . As shown below, using the above concept, values of E50 and Ei can be determined by using hyperbolic model as defined by Eq. (8) . Using E = Es f, when the state of equilibrium is reached at the face of cavity or at the interface of elastic and plastic zone, such as at point C in Fig. 1 
As stated before, E50, represented by linear Path AB of Fig. 1 , is secant modulus at half of the value of (arr Substituting (ƒÐrr-ƒÐƒAEƒAE)= 0.5 (arr -0-00)f and the above value of e000.50 in Eq. (9) and arranging terms, following expressions for E50 in terms of Ei or Esf are obtained:
It may be noted that E50 has been considered to be approximately equal to modulus determined from unload-reload cycle during SBPM tests (Wroth, 1984) . It can also be seen that relationships between Esf and Ei and between Esf and E50 or between E50 and Ei are dependent on the value of failure factor Rf. These relationships can only be used when the value of Rf is known.
Esf, Ei and FAILURE FACTOR, Rf
As shown below, it is possible to estimate Esf using the existing correlations and Ei using wave equation theory and then value of Rf can be estimated using Eqs. (11b) or (13 compression tests, Duncan and Chang (1970) had found the value of Rf varying between 0.6 and 0.9 for dense to loose sands.
RELATIONSHIP BETWEEN F" , and 4
Dimensionless cavity expansion factor (F" 0 is a variable and relationship between F" a and (/) is dependent on and also on the value of circumferential strain (coo), see companion paper (Gupta, 2005) . To find a relationship between F" q and 4), an effort was made to estimate F" , versus 4 curve at a selected value of gee, say at 10%, and also at three selected values of 6'0, for normally consolidated sands. For selected type of sand (LC, MC, or HC), the constrained modulus, M, can be calculated using Eqs. (17a) or (17b) or (17c), and the secant modulus, Esf can be calculated using Eq. (18). It can be seen that the value of Esf determined as above, is dependent only on variables, 0, 0-'0, and aoct. As previously stated, the value of Esf has been assumed equal to Young's modulus of elasticity, E. When value of E based on these equations is substituted in the expression for rigidity index, Ir, which is defined by Eq. (23), it can be seen that Ir also becomes dependent on variables, 0, 0-'0, and a'oct. o-'oct is equal to for normally consolidated sand is equal to (1-sin 4) ).
where q' = ath. In this way, for normally consolidated sands, Ir becomes dependent only on 4 and o-'0. Therefore, at selected values of 4 and 0-'0, Ir can be calculated, and then value of F" q can be calculated at coo = 10%, using the procedure explained in the companion paper, Gupta (2005) . The F", versus curve at 6'0 = 50, 100 and 200 kPa, when coo is equal to 10% is shown in Fig. 6 .
BASIS OF ANALYZING SBPMT DATA
As explained above, at selected values of 4 and Ir, dimensionless factor (F" q) can be calculated for various values of circumferential strain (e00). Internal pressure, p(t), applied during SBPM test and corresponding increase in radius of cavity, which occurs at applied internal pressure, p(t), is utilized to develop F" q versus coo curve. F", is equal to p(t)lo-'h. a'h is measured during a SBPM test. coo is equal to [{R(t)-Ri} R(t) is radius of the cavity at time t, when internal pressure is p(t). Ri is the initial radius of the cavity, i.e. initial radius of the SBPM probe prior to application of the internal pressure just above the value of in-situ ash. In this way, F" q versus co curve obtained from SBPMT data is compared with theoretical F" q versus coo curve developed at selected values of Ir and (/). Several trials are made, and the value of Ir and that produces a theoretical F" q versus coo curve closely matching with actual F" q versus coo curve obtained from SBPMT is selected. It may be mentioned that because there are two variables, and Ir, it becomes difficult to find an optimum set of 4) and Ir. This has to be decided based on judgment. Author first determined F", value at from the SBPMT data and then at that determined value of F" q and o-'0 at the depth where SBPM tests was conducted, an approximate value of cb was determined from Fig. 6 . Using this value of 0, and selected values of Ir, theoretical F" q versus eo curve were determined and matched with actual F" q versus eoe curve, obtained from SBPM test. Generally, it was found that Table 1 . From SBPM tests in sands, 4 and Esf determined using finite strain analysis for cavity expansion (Gupta, 2005) and then, E50 and E, determined using hyperbolic model (Wroth, 1984) and (b) Comparison E50 estimated by theoretical method with Er from SBPMT procedure described in this paper. It is considered that unload/reload modulus determined from SBPMT is related to modulus at 50% failure stresses (Wroth, 1984) . Modulus at 50% failure stresses determined by using the procedure described in this paper matched well with unload/reload modulus determined from SBPM tests conducted in sand at several sites, demonstrating the reliability and accuracy of this method.
NOTATION
The following symbols are used in this paper:
a, b= Hyperbolic model parameter; DR = Relative density in percent; G= gravitational acceleration constant; E= Young's Modulus of Elasticity; Esf = Secant Modulus at failure or at state of equilibrium; E50 = Secant Modulus at half value of failure stresses; Ei = Initial modulus of elasticity; Er =Unload /reload modulus from SBPMT; E0 = Modulus of Elasticity at a' 0=100 kPa; G= shear modulus; Gmax = Initial or maximum shear modulus; Ko = coefficient of earth pressure at rest; hw= height of ground water table above test location; Jr = rigidity index; M= Constrained modulus; Rf = failure factor; Ri = initial radius of cavity rp = radius of plastic zone at time t; R(t) = radius of cavity at time t; change in radius of Cavity, {R(t)-Ri}; r(t) = radial distance of particle from axis of cavity in its displaced position; p(t) = internal cavity pressure at time t; q= total isotropic ground stress, equal to o-h for cylindrical cavity;
q' = effective isotropic ground stress, equal to or'h for cylindrical cavity; F" q= Dimensionless cylindrical cavity factor at time t; 
